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Abstract. A field trial was conducted in Hungary, in a moderately warm, dry production area to 
determine the effect of single or split application of N-fertilizer on the stomatal conductance and 
grain yield of maize. The measurements were performed at on calcareous chernozem soil, in a 
strip field trial, under different weather conditions (2019 and 2020). In addition to the unfertilized 
control (A0) treatment, 60 (A60) and 120 kg N ha-1 (A120) applied as spring basal fertilizer were 
followed by two top-dressing treatments in V6 (A90) and V12 (A120) phenophases with doses of 
+30 and +30 kg N ha-1, respectively. Stomatal conductance measurements were taken at V6, V12 
and R1 phenological phases. It was found that stomatal conductance showed a decreasing trend 
with advancing phenological phases in both years, with 43.9% and 32.1% (P < 0.001; P < 0.01) 
decreases by the R1 phase, respectively. Application of higher doses of N fertilizer increased 
stomatal conductance, with the exception of the R1 phenological phase, which showed a decrease 
compared to the A0 treatment. The decrease in 2019 was caused by a reduction of soil moisture. 
Although there was sufficient water in the soil in 2020, due to the intermittent water shortages 
caused by but the large leaf area and rapid transpiration of the plants resulted in the stomata to 
close. The best fertilisation strategy was A60 and A120 kg ha-1 depending on the crop year. The 
study showed that the highest yield is obtained when the average stomatal conductance is around 
250 mmol m-2 s-1 during the growing season. 
 




Temperature is one of the most rapidly changing environmental factors, which has 
been gradually increasing for decades due to climate change, a trend that is expected to 
continue (Urban et al., 2017). As temperatures rise, even heat-intensive crops such as 
maize respond with yield declines as the number of days above Tmax > 30 °C increase. 
The yield reducing effect of heat stress was demonstrated in a study by Huzsvai et al. 
(2020). Global warming might exacerbate drought damage by further reducing soil 
moisture availability (Nicolai-Shaw et al., 2017; Wang et al., 2019). Water stress 
adversely affects stomatal conductance, causes partial stoma closure (Wang et al., 2018), 
reduces transpiration (Prado et al., 2018), increases stoma density, and reduces stoma 
opening, indicating plant adaptation to drought stress (Huang & Xu, 2015; Gamage et 
al., 2018; Nemeskéri & Helyes, 2019). Furthermore, CO2 absorption is reduced, which 
affects photosynthesis, overall plant functionality, and inhibits plant growth and 
development (Tian et al., 2019; Thruppoyil & Ksiksi, 2020; Yin et al., 2020). 
Under climate change conditions, soil moisture deficit and atmospheric drought 
lead to a decrease in stomatal conductance (Zhang et al., 2021), which has a negative 
impact on crop yield (El-Sabagh et al., 2017; Faralli et al., 2019). However, the 
detrimental effect of weather extremes can be mitigated by proper agrotechnology 
(Széles & Huzsvai, 2020). 
Among the agrotechnical elements, fertilisation, especially nitrogen (N), which is 
an essential plant nutrient, deserves special attention due to its impact on soil and its 
water balance. It plays an important role in vegetative growth (Zuo et al., 2015) because 
it is the building block of various substances that regulate plant growth. It plays a key 
role in photosynthesis (Ghotbi-Ravandi et al., 2015; Guo et al., 2021) and is a central 
component of the chlorophyll molecule. N deficiency results in reduced photosynthesis 
(Dwyer et al., 1995; Correia et al., 2005) and slower growth rates (Hammad et al., 2012), 
leading to significant yield reductions (Berenguer et al., 2009). 
In order to overcome yield reduction and to achieve higher grain yield, more than 
300 kg ha-1 of N fertilizer is applied in production, which is significantly higher  
than the optimal N rate shown in field experiments (Yang et al., 2017), which is  
100–110 kg N ha-1 in dry farming (Pepó & Nagy, 1997). Excessive or inappropriate 
use has negative effects on crops, it greatly reduces N use efficiency (NUE), it is a major 
problem in air pollution (Han et al., 2017; Fang et al., 2018) and causes significant nitrate 
leaching losses (more than 50% N in the environment) (McBratney & Field, 2015; Suchy 
et al., 2018). 
Numerous strategies have been developed to reduce nitrogen loss. In addition to 
the optimal timing of N supply, the frequency of N application is important (Lü et al., 
2012; Schoninger et al., 2018; Széles et al., 2019a, 2019b; Davies et al., 2020). Maize 
uptakes N throughout its entire the growth period. Its N demand is low during the early 
vegetation period, then increases rapidly and remains high for several weeks. Cassman 
et al. (2002) consider N reduction in autumn and multiple applications during the 
growing season a suitable strategy. 
The aim of the present work is to investigate (i) how the change of weather affects 
stomatal conductance and its correlation with N fertilization, (ii) at which stomatal 
conductance level is the highest yield obtained, and (iii) how N fertilizer rate and timing 
affect yield. 
 
MATERIALS AND METHODS 
 
The studies were carried out in Hungary at the Látókép Experimental Station  
of the University of Debrecen (47° 33’ N, 21° 26’ E, elevation 111 m), on loess-formed, 
calcareous chernozem soil. 
The average pHKCl value of the soil is 6.6 (weakly acidic), in the upper (20 cm) 
layer Arany’s plasticity index is 39, the total amount of water-soluble salts is 0.04% (low 
salt content). The soil is moderately calcareous (carbonated lime content in the upper 
80 cm of the soil is around 0%, from 100 cm to 12%). Its humus content is 2.6–2.8%, 
P2O5 content is medium (133 mg kg-1), its K2O supply is good (240 mg kg-1). 
The experiment is a strip design, two-replicate, small plot field trial, which was set 
up in 2011, with five maize hybrids and seven fertiliser steps. Each strip includes a 
certain hybrid with a certain fertilizer treatment. 
In both years, 27% Genesis Pétisó fertilizer was applied before sowing. Similar to 
the experiments by Ritchie et al. (1997) and Berenguer et al. (2009), fertilizer doses were 
split between basal and top-dressing treatments (Table 1). 
 
Table 1. Fertilizer treatments used in the experiment 
Name Treatment 
A0 Unfertilized control  
A60 60 kg N ha-1 before sowing 
A120 120 kg N ha-1 before sowing 
V690 60 kg N ha-1 before sowing +30 kg N ha-1 during the V6 phenophase  
V6150 120 kg N ha-1 before sowing +30 kg N ha-1 during the V6 phenophase 
V12120 60 kg N ha-1 before sowing +30 kg N ha-1 during the V6 phenophase +30 kg N ha-1 
during the V12 phenophase 
V12180 120 kg N ha-1 before sowing +30 kg N ha-1 during the V6 phenophase + 30 kg N ha-1 
during the V12 phenophase 
  
Plant density was 73 thousand plants ha-1, the green crop was maize. Maize was 
sown on 10.04.2019 and 17.04.2020 and harvested on 09.10.2019 and 12.10.2020. The 
harvested grain yield is corrected to 14% moisture content. 
In the present paper, stomatal conductance, soil moisture and yield results of the 
Fornad (FAO 420) maize hybrid were analyzed, which were measured in 2019 and 2020, 
in unfertilized control, A60, A120, V690, and V6150 treatment combinations. Measurements 
were taken three times in V6, V12 and R1 growth stages. 
Stomatal conductance of the plants, was measured with the Sc-1 Leaf Porometer, 
exclusively in sunny weather, at noon and early afternoon hours, because then the 
irradiation and evaporation of the plants are the highest. In each treatment combination, 
three randomly selected plants were tested, three measurements were taken on each 
plant, thus the average of nine measurements represented the stomatal conductance of 
the plot. To obtain a values representing the entire plant, measurements were carried out 
on the lower, middle and upper leaves of the selected plants, taking into account the 
different development and shading. Together with the two true replicates, there were 18 
measurements in each treatment in each of the three growth stages (V6, V12 and R1), 
ensuring representativeness. 
Soil moisture content was determined by means of a Field Scout TDR 300 soil 
moisture probe. Two 20 cm measuring rods were used for the instrument. The probe rods 
were pushed parallel to each other into the soil. After the rods entered the soil, the return 
time indicated by the instrument was recorded for each measurement, based on which 
the soil moisture content was determined after calibration. The mean value of three 
measurements per plot was used to determine the soil moisture content. 
The weather was evaluated based on data measured and recorded by an automatic 
weather station located in the experimental area. The values were compared to the 
average of the period 1981–2010 (Nagy, 2019). Regarding the phenological stages, the 
Growing Degree Days (GDD) agrometeorological index was used. 




− Tb), (1) 
where, Tmax (°C) is the daily maximum temperature, Tmin (°C) is the daily minimum 
temperature, Tb (°C) is the base temperature. Tb is the temperature below which the rate 
of development is considered to be 0. The heat sum was calculated with Tb = 10 °C in 
accordance with the scientific literature data (Davidson & Campbell, 1983; Gallagher, 
1979). 
While precipitation total the 2019 growing season (365 mm) was only 19 mm 
above the multi-year average (346 mm), the precipitation of 2020 was 103 mm above 
the average. Temperatures in the first year (17.5 °C) were in line with the average 





Figure 1. Distribution of temperature and precipitation during the measurement period, 2019. 
 
The effects of fertilization and phenophases on stomatal conductance were 
evaluated using a repeated measure model. The dependent variable was stomatal 
conductance. The treatment variable was the fertilizer (N), phenophase was the repeated 
factor, while the error factor was the plot identifier and the phenophase interaction. The 
two years were evaluated separately. Duncan's test was applied to compare the means of 

































































































































































Figure 2. Distribution of temperature and precipitation during the measurement period, 2020. 
 
The correlation between stomatal conductance and soil moisture and between 
stomatal conductance and yield was analysed by means of correlation analysis. The 
correlation between yield and stomatal conductance was evaluated separately for the 
three phenophases. 
Data were evaluated using R version 4.1.1 (2021-08-10). 
 
RESULTS AND DISCUSSION 
 
Development of stomatal conductance  
The 2019 and 2020 results of the repeated measure model showed that 
N fertilization and phenological phases and the interaction of the two factors were 
significant (Table 2–3). 
 
Table 2. Effects and interactions of N fertilization, phenological stages and stomatal conductance 
of maize, 2019 
 Df Sum Sq Mean Sq F value Pr(>F) 
N-fertilizer 4 27,538 6,884 38.27 0.000609 *** 
Residuals 5 899 180   
Phenological phase 2 253,211 126,606 792.28 9.70e-12 *** 
N-fertilizer x Phenological phase 8 81,382 10,173 63.66 1.41e-07 *** 
Residuals 10 1,598 160   
Note: *** P = 0.001%. 
 
The stomatal conductance values of the plants between the V6 and R1 phenophases 
ranged widely. The lowest value of the interval was 208 and the highest value was 














































































































































































Table 3. Effects and interactions of N fertilization, phenological stages and stomatal conductance 
of maize, 2020 
 Df Sum Sq Mean Sq F value Pr(>F) 
N-fertilizer 4 20,144 5,036 27.25 0.00137** 
Residuals 5 924 185   
Phenological phase 2 88,176 44,088 949.5 3.94e-12*** 
N-fertilizer x Phenological phase 8 109,384 13,673 294.5 7.48e-11*** 
Residuals 10 464 46   
Note: *** P < 0.001%, ** P < 0.01%. 
 
Based on the 134 mm precipitation that fell from sowing to the V6 phenological stage 
in 2019, the GDD value of 236 °C and the stomatal conductance of 513 mmol m-2 s-1 
measured in the average of the treatments, the environmental conditions were suitable 
for the plants (Fig. 3). During the same period of 2020, a precipitation of 93 mm, a GDD 
value of 278 °C, and an average stomatal conductance value 22.8% lower than that of 
2019 were less favourable conditions for the plants (Fig. 4). Low stomatal conductance 
values were recorded in 2019 in the V6150 kg in ha-1 treatment (412 mmol m-2 s-1), while 
in 2020 in the non-fertilized (339 mmol m-2 s-1) treatment. However, the highest stomatal 
conductivity values were the opposite, as the most suitable environmental condition was 
provided by the non-fertilized (589 mmol m-2 s-1) treatment in 2019, and the 
V6150 kg ha-1 (476 mmol m-2 s-1) treatment in 2020 (Figs 3, 4.). With increasing N-doses, 
the stomatal conductance value decreased significantly in 2019 (30.1%; P < 0.01), but 
in 2020 the rate of increase was 50.6% (P < 0.001). The largest difference between the 
two years was in the non-fertilized treatment, in 2020 the value of stoma conductance 
was 46.4% (P < 0.001) lower than in 2019. 
 
 
Figure 3. Development of stomatal conductance and soil moisture in 2019. 
Note: A0 = unfertilized control; A60 = 60 kg N ha-1 before sowing; A120 = 120 kg N ha-1 before sowing; 
V690 = 60 kg N ha-1 before sowing + 30 kg N ha-1 during V6 phenophase; V6150 = 120 kg N ha-1 before sowing 
+ 30 kg N ha-1 during V6 phenophase. The different lower case letters indicate the difference between fertilizer 











































































Between the phenological phases V6 and V12, 39 mm of precipitation fell in 2019 
with a GDD value of 243 °C. In 2020, there was 10 mm more precipitation (49 mm) and 
a significantly lower GDD value (177 °C). The stomatal conductance values developed 
almost similarly in both years (397 and 367 mmol m-2 s-1). Increasing the applied amount 
of N fertilizer can modify the stomatal conductance of leaves, thereby enhancing 
adaptability (Han et al., 2006), which is confirmed by the obtained results. In the V12 
phenological phase, the stomatal conductance value increased in both years compared to 
the non-fertilized treatment. Stomata of the plants were the most active in the A120 kg ha-1 
treatment in 2019 (468 mmol m-2 s-1; 46.3%) (P < 0.001), while in the V6150 kg ha-1 




Figure 4. Development of stomatal conductance and soil moisture in 2020. 
Note: A0 = unfertilized control; A60 = 60 kg N ha-1 before sowing; A120 = 120 kg N ha-1 before sowing; 
V690 = 60 kg N ha-1 before sowing + 30 kg N ha-1 during V6 phenophase; V6150 = 120 kg N ha-1 before sowing 
+ 30 kg N ha-1 during V6 phenophase. The different lower case letters indicate the difference between fertilizer 
treatments based on Duncan’s test (P < 0.05). 
 
Between the V12 and R1 phenophases, only 8 mm of precipitation fell in 2019 and 
the GDD value was 182 °C. In 2020, there was also significantly more precipitation (128 
mm) and the GDD value was higher as well (256 °C). There was no significant 
difference between the mean stomatal conductance values of the two years (6.6%). In 
both years, the plants were under less stress in the control treatment in the R1 
developmental phase. Fertilization further reduced the value of stomatal conductance. In 
2019, the largest decrease (52%; P < 0.001) was caused by the A60 kg ha-1 treatment, 
while in 2020, by the A120 kg ha-1 treatment (45.3%; P < 0.01). 
The obtained results are in line with the findings of Kron et al. (2008), who stated 
that the stomata of plants become more closed and stomatal conductance decreases as 
the phenological phases progress. As the phenological phases progressed, the stomata of 








































































treatment, stomatal conductance decreased. The lowest value was recorded in the R1 
phenophase in both years; in 2019 in the A60 kg N ha-1 treatment (183 mmol m-2 s-1), in 
2020 in the A120 kg N ha-1 (208 mmol m-2 s-1). The decrease in stomatal conductance 
between the V12 and R1 phenological phases was 37.7–55.5% in 2019, (P < 0.05; 
P < 0.001) and 41.5–50.4% in 2020 (P < 0.01; P < 0.001). The effect of fertilization 
increasing stomatal conductance could not be clearly demonstrated. During the V6 
phenological phase it varied depending on the crop year, during the V12 phenophase it 
increased in both years, while during the R1 phase it decreased in both years. 
The measurements show that in the V12 phenological phase, the application of 
irrigation water would have been necessary in all treatments, although at that time the 
environmental conditions were still suitable for the plants. After that, the stomata began 
to close due to the decrease in the available water resources. The obtained results 
confirmed the finding of Anav et al. (2018) according to which the stomatal response to 
water deficit in soil highlights the need for irrigation. 
 
The effect of soil moisture on stomatal conductance 
Soil moisture content is of key importance to stomatal regulation (Anav et al., 
2018). In line with the findings of Yu et al. (2015) and Santos et al. (2017), as the 
phenological phases progressed, soil moisture gradually decreased and became a 
limiting factor, the plant became water stressed and stomatal conductance decreased. 
Increased N fertilization increases the size of maize roots (Su et al., 2020; Putra & 
Ismoyojati, 2021) and leaf area (Amali & Namo, 2015; Hafez & Abdelaal, 2015), 
consequently it increases transpiration (Zhang et al., 2014) and water demand (Xu et al., 
2020). Larger leaf area also means a larger assimilation surface. This leads to higher 
yields under favourable conditions. In water deficit periods, however, higher LAI can be 
detrimental. In 2019, by the R1 phenophase soil moisture content significantly 
decreased, thereby stomatal conductance decreased as well compared to the A0 treatment 
(Fig. 3). The rate of decrease from the value of the V6 growth phase to the R1 
phenophase was 43.9% (P < 0.01) in 2019 while it was 32.1% (P < 0.05) in 2020. In 
2020, the high soil moisture value and increasing N fertilization measured during the R1 
phase despite the decrease did not result in higher stomatal conductance values (Fig. 4). 
This could be due to the water deficit that occurred intermittently during the day, when 
the high LAI resulted in such fast plant transpiration that water uptake was unable to 
keep up with it. This may occur on days with evapotranspiration exceeding 5–6 mm/day 
during midday and early afternoon. At this time the soil around the root hairs dries out 
and water uptake ceases, the stomata close. In such cases, there is still sufficient water 
in the soil, similar to our results (2020, R1 phenophase), but water flow requires time. 
When the temperature drops, water uptake starts in the evening and during the night and 
water supply to the plant becomes uninterrupted. 
The stomatal conductance value of the plants and soil moisture showed a close 
correlation (r = 0.83 ***) in 2019. As a result of the decrease in soil moisture, the 
stomata of the leaves of the plant were closed, thereby reducing transpiration and thus 
stomatal conductance also decreased. Based on the value of the coefficient of 
determination, soil moisture determined stomatal conductance with 69% (r2 = 0.689). In 
2020, the high soil moisture value measured in the R1 growth phase did not result in 
higher stomatal conductance values, and there was no detectable significant correlation 
between the two factors. 
Yield and stomatal conductance 
The yield of maize of the unfertilized control was 8.726 t ha-1 in 2019, which shows 
the good nutrient utilization capacity of the hybrid. Compared to the control, the lowest 
60 kg N ha-1 base treatment (A60) increased the yield by 38.9% (P < 0.05). There was no 
reliable difference among the rest of the fertilizer treatments. The maximum yield was 
provided by the V6150 treatment (14.023 t ha-1), which was 60.7% higher compared to 
the control treatment, however, based on the Duncan test, the result of the A60 treatment 
at 12.124 t ha-1 can be considered effective. The yield of the maize hybrid of the 
unfertilized control in 2020 was 6.219 t ha-1. Compared to the control treatment, the A60 
treatment increased the yield by 3.633 t ha-1 (P < 0.05). The difference between the A60 
and A120 basic treatments was 4.339 kg ha-1, the higher base dose resulted in a significant 
(P < 0.05) increase. There was no significant difference between the yield of 
30 kg N ha-1 top dressing (V690) applied in the V6 phenophase after the A60 base 
treatment. There was also a non-significant difference between the yield of the A120 and 
V6150 treatment. The highest yield and the statistically confirmed maximum yield were 
recorded in the A120 treatment (14.191 t ha-1). 
The natural nutrient utilization capacity of maize was 40.3% (P < 0.001) better in 
2019 than in 2020. The modifying effect of the crop year was recorded when the 
60 kg N ha-1 (A60) base treatment was applied (2.272 t ha-1; P < 0.01). 
There was a moderate linear correlation (r = -0.69*, r = 0,72*, r = -0,59) between 
stomatal conductance and yield in 2019 in the V6, V12 and R1 growth stages. Based on 
the value of the coefficient of determination, the yield-modifying effect of stomatal 
conductance was 55–56% in the V6 and V12 phenophase and 40% in the R1 phenophase. 
The correlation between the two factors in 2020 in the V6 and R1 growth stages was 
close (r = 0.87***, -0.78*). No reliable correlation could be detected in the V12 
phenophase. In this year, the effect of stomatal conductance on yield was higher (V6: 




In the present study it was confirmed that stomatal conductance of maize decreases 
with plant development. N fertilization increases stomatal conductance. However, when 
soil moisture content decreases, or when there is sufficient moisture in the soil but little 
time for soil moisture to flow due to the rapid transpiration of higher LAI, the stomata 
close. When temperature drops, water uptake starts during the evening and night hours 
and water supply to the plant becomes undisturbed. This demonstrates that the results 
obtained when measuring stomatal conductance are strongly influenced by the time of 
day at which the measurement is taken. The measurement of stomatal conductance has 
proved useful for detecting water deficiency. It was confirmed that the V12 phenological 
phase would have been suitable for the application of irrigation water (2019 and 2020), 
as after that stomata started to close due to the reduction of the water available for them. 
Furthermore, the influence of stomatal conductance on yield in the cooler and wetter 
year (2020) was higher than in the year of 2019 which was average in this regard. 
Finally, the study revealed that the highest yields are obtained when the average 
stomatal conductance is around 250 mmol m-2 s-1 during the growing season. 
 
ACKNOWLEDGEMENTS. ‘Project no. TKP2020-IKA-04 has been implemented with the 
support provided from the National Research, Development and Innovation Fund of Hungary, 





Amali, P. & Namo, O. 2015. Effect of time of fertilizer application on growth and yield of maize 
(Zea mays L.) in Jos - plateau environment. Global Journal of Agricultural Sciences 14,  
1–9. doi:10.4314/gjas.v14i1.1 
Anav, A., Proietti, C., Menut, L., Carnicelli, S., Marco, A.D. & Paoletti, E. 2018. Sensitivity of 
stomatal conductance to soil moisture: implications for tropospheric ozone. Atmospheric 
Chemistry and Physic 18, 5747–5763. doi:10.5194/acp-18-5747-2018 
Berenguer, P., Santiveri, F., Boixadera, J. & Lloveras, J. 2009. Nitrogen fertilisation of irrigated 
maize under Mediterranean conditions. European Journal of Agronomy 30, 163–171. 
doi:10.1016/j.eja.2008.09.005 
Cassman, K.G., Dobermann, A. & Walters, D.T. 2002. Agroecosystems, nitrogen-use efficiency, 
and nitrogen management. AMBIO: A Journal of Environment and Society 31, 132–140. 
doi:10.1579/0044-7447-31.2.132 
Correia, C.M., Pereira, J.M.M., Coutinho, J.F., Bjorn, L.O. & Torres-Pereira, J.M.G. 2005. 
Ultraviolet-B radiation and nitrogen affect the photosynthesis of maize: a Mediterranean 
field study. European Journal of Agronomy 22, 337–347. doi:10.1016/j.eja.2004.05.002 
Davidson, H.R. & Campbell, C.A. 1983. The effect of temperature, moisture and nitrogen on the 
rate of development of spring wheat as measured by degree days. Canadian Journal of Plant 
Science 63(4), 833–846. doi:10.4141/cjps83-106 
Davies, B., Coulter, J.A. & Pagliari, P.H. 2020. Timing and rate of nitrogen fertilization influence 
maize yield and nitrogen use efficiency. PLoS ONE 15(5), e0233674. doi: 10.1371/ 
journal.pone.0233674 
Dwyer, L.M., Anderson, A.M., Stewart, D.W., Ma, B.L. & Tollenaar, M. 1995. Changes in 
maize hybrid photosynthetic response to leaf nitrogen, from preanthesis to grain fill. 
Agronomy Journal 87, 1221–1225. doi:10.2134/agronj1995. 00021962008700060031x 
El-Sabagh, A., Barutçular, C. & Islam, M.S. 2017. Relationships between stomatal conductance 
and yield under deficit irrigation in maize (Zea mays L.). Journal of Experimental Biology 
and Agricultural Sciences 5, 14–21. doi:10.18006/2017.5(1).014.021 
Fang, S.Q., Yang, Y.F., Qiang, Y.D. & Wang, G.X. 2018. Distribution and environmental risk 
assessment of fertilizer application on farmland in the water source of the middle route of 
the Ssouth-to-Northwater Transfer project. Journal of Agro-Environment Science 37(1) 
124–136. 
Faralli, M., Matthews, J. & Lawson, T. 2019. Exploiting natural variation and genetic 
manipulation of stomatal conductance for crop improvement. Plant Biology 49, 1–7. 
doi:10.1016/j.pbi.2019.01.003 
Gallagher, J.N. 1979. Field studies of cereal leaf growth: I. Initation and expansion in relation to 
temperature and ontogeny. Journal of Experimental Botany 30(117), 625–636. 
Gamage, D., Thompson, M., Sutherland, M., Hirotsu, N., Makino, A. & Seneweera, S. 2018. 
New sights into the cellular mechanisms of plant growth at elevated atmospheric carbon 
dioxide concentrations. Plant Cell Environment 41(6), 1233–1246. doi:10.1111/pce. 13206 
Ghotbi-Ravandi, A.A., Shahbazi, M., Shariati, M. & Mulo, P. 2015. Effects of mild and severe 
drought stress on photosynthetic efficiency in tolerant and susceptible barley (Hordeum 
vulgare L.) genotypes. Journal of Agronomy and Crop Science 200, 403–415. 
doi:10.1111/jac.12062 
Guo, Y., Yin, W., Fan, H., Fan, Z., Hu, F., Yu, A., Zhao, C., Chai, Q., Aziiba, E.A. & Zhang, X. 
2021. Photosynthetic physiological characteristics of water and nitrogen coupling for 
enhanced high-density tolerance and increased yield of maize in arid irrigation regions. 
Frontiers in Plant Science 12, 726568. doi:10.3389/fpls.2021.726568 
Hafez, E.M. & Abdelaal, Kh.A.A 2015. Impact of Nitrogen Fertilization Levels on 
Morphophysiological Characters and Yield Quality of Some Maize Hybrids (Zea mays L.). 
Article 3(37), 35–48. doi:10.21608/agro.2015.62 
Hammad, H.M., Ahmad, A., Abbas, F. & Farhad, W. 2012. Optimizing water and nitrogen use 
for maize production under semiarid conditions. Turkish Journal of Agriculture and 
Forestry 36, 519–532. doi:10.3906/tar-1111-24 
Han, L., Huang, M., Ma, M., Wei, J., Hu, W. & Chouhan, S. 2017. Evaluating sources and 
processing of nonpoint source nitrate in a small suburban watershed in China. Journal of 
Hydrology 559, 661–668. doi:10.1016/j.jhydrol.2017.04.057 
Han, X., Pei, Y., Wang, S., Zu, W. & Liu, L. 2006. Effects of water-nitrogen coupling on the 
growth and development of soybean II. Effects of water-nitrogen coupling on the 
physiological characteristics of soybean. Soybean Science 2, 103–108. doi:10.1360/ 
aps040178 
Huang, B. & Xu, Y. 2015. Cellular and molecular mechanisms for elevated CO2-regulation of 
plant growth and stress adaptation. Crop Science 55(4), 1405–1424. doi:10.2135/ 
cropsci2014.07.0508 
Huzsvai, L., Zsembeli, J., Kovács, E. & Juhász, C. 2020. Can Technological Development 
Compensate for the Unfavorable Impacts of Climate Change Conclusions from 50 Years of 
Maize (Zea mays L.) Production in Hungary. Atmosphere 11(12), 1350. 
doi:10.3390/atmos11121350 
Kron, A.P., Souza, G.M. & Ribeir, R.V. 2008. Water deficiency at different developmental stages 
of Glycine max can improve drought tolerance. Bragantia 67(1), 43–49. doi:10.1590/ 
S0006-87052008000100005 
Lü, P., Zhang, J.W., Jin, L.B., Liu, W., Dong, S.T. & Liu, P. 2012. Effects of nitrogen application 
stage on grain yield and nitrogen use efficiency of high-yield summer maize. Plant, Soil 
Environment 58, 211–216. doi:10.17221/531/2011-PSE 
McBratney, A. & Field, D. 2015. Securing our soil. Soil Science and Plant Nutrition 61(4),  
87–591. doi:10.1080/00380768.2015.1071060.  
Nagy, J. 2019. Complex long-term experiments on soil use, water and nutrient management at 
the University of Debrecen since 1983. Crop production 68(3), 5–28. 
Nemeskéri, E. & Helyes, L. 2019. Physiological Responses of Selected Vegetable Crop Species 
to Water Stress. Agronomy 9(8), 447. doi:10.3390/agronomy9080447 
Nicolai-Shaw, N., Zscheischler, J., Hirschi, M., Gudmundsson, L. & Seneviratne, S.I. 2017. A 
drought event composite analysis using satellite remote-sensing based soil moisture. 
Remote Sensing of Environment 203, 216–225. doi:10.1016/j.rse.2017.06.014 
Pepó, P. & Nagy, J. 1997. Plant nutrition system of cereals in their sustainable crop production. 
British–Hungarian Seminar on Long-Term Trials fos Sustainable Land Use, Crop 
Management and Plant Nutrition. Agrokémia és Talajtan 46(1–4), 113–126. 
Prado, S.A., Bosquet, L.C., Grau, A., Coupel-Ledru, A., Millet, E. & Tardieu, F. 2018. Genetic 
control of stomatal conductance in maize and conditional effects to water deficit and 
evaporative demand as revealed by phenomics. 60. Maize Genetics Conference, Saint-
Malo, France, al-02736327 
Putra, F.P. & Ismoyojati, R. 2021. Monitoring of maize root growth on N, P, and K fertilization 
using rhizotron. Jurnal Ilmiah Pertanian 17(2), 74–79. doi:10.31849/jip.v17i2.5748 
R Core Team. 2021. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/ 
Ritchie, S.W., Hannway, J.J. & Benson, G.O. 1997. How a Corn Plant Develops. Spec Rep. 48. 
Iowa State University of Science and Technology Cooperative Extension Service. Ames. 
Santos, O.F., Lima, S.F., Paiva Neto, V.B., Piati, G.L., Osório, C.R.W. & Souza, H.M. 2017. 
Defoliation of sweet corn plants under irrigation depths and its impact on gas exchange. 
Revista Brasileira de Engenharia Agrícola e Ambiental 21(12), 822–827. doi:10.1590/ 
1807-1929/agriambi.v21n12 p822-827 
Schoninger, E.L., Villalba, H.A.G., Bendassolli, J.A. & Trivelin, P.C.O. 2018. Anais da 
Academia Brasileira de Ciências 90(4) 3299–3312. doi:10.1590/0001-3765201820170432 
Su, W., Ahmad, S., Ahmad, I. & Han, Q. 2020. Nitrogen fertilization affects maize grain yield 
through regulating nitrogen uptake, radiation and water use efficiency, photosynthesis and 
root distribution. Peer J. 8, e10291. doi:10.7717/peerj.10291 
Suchy, M., Wassenaar, L.I., Graham, G. & Zebarth, B. 2018. High-frequency NO3- isotope (delta 
N-15, delta O-18) patterns in groundwater recharge reveal that short-term changes in land 
use and precipitation influence nitrate contamination trends. Hydrology and Earth System 
Science 22(8), 4267–4279. doi:10.5194/hess-22-4267-2018. 
Széles, A., & Huzsvai, L. 2020a. Modelling the effect of sowing date on the emergence, silking 
and yield of maize (Zea mays L.) in a moderately warm and dry production area. Agronomy 
Research 18(2) 579–594. doi:10.15159/AR.20.161 
Széles, A., Kovács, K. & Ferencsik, S. 2019b. The effect of crop years and nitrogen basal and top 
dressing on the yield of different maize genotypes and marginal revenue. Quarterly Journal 
of the Hungarian Meteorological Service 123(3) 265–278. doi:10.28974/ idojaras.2019.3.1 
Széles, A., Nagy, J., Rátonyi, T. & harsányi, E. 2019a. Effect of differential fertilisation 
treatments on maize hybrid quality and performance under environmental stress condition 
in Hungary. Maydica 64(2), 1–14. 
Thruppoyil, S.B. & Ksiksi, T. 2020. Time-dependent stomatal conductance and growth responses 
of Tabernaemontana divaricata to short-term elevated CO2 and water stress at higher than 
optimal growing temperature. Current Plant Biology 22, 100127. doi:10.1016/ 
j.cpb.2019.100127 
Tian, L., Li, J., Bi, W., Zuo, S., Li, L., Li, W. & Sun, L. 2019. Effects of waterlogging stress at 
different growth stages on the photosynthetic characteristics and grain yield of spring maize 
(Zea mays L.) Under field conditions. Agricultural Water Management 218(1), 250–258. 
doi:10.1016/j.agwat.2019.03.054 
Urban, J., Ingwers, M., McGuire, M.A. & Teskey, R.O. 2017. Stomatal conductance increases 
with rising temperature. Plant Signaling & Behavior 12(8), e1356534. doi:10.1080/ 
15592324.2017.1356534 
Wang, C., Wu, S., Tankari, M., Zhang, X., Li, L., Gong, D., Hao, W., Zhang, Y., Mei, Y., 
Wang, Y., Liu, F. & Wang, Y. 2018. Stomatal aperture rather than nitrogen nutrition 
determined water use efficiency of tomato plants Thruppoyil under nitrogen fertigation. 
Agricultural Water Management 209, 94–101. doi:10.1016/j.agwat.2018.07.020 
Wang, L., Xie, Z., Jia, B., Xie, J., Wang, Y., Liu, B., Li, R. & Chen, S. 2019. Contributions of 
climate change and groundwater extraction to soil moisture trends, Earth System Dynamics 
10(3) 599–615. doi:10.5194/esd-10-599-2019 
Xu, J., Cai, H., Wang, X., Ma, C., Lu, Y., Ding, Y., Wang, X., Chen, H., Wang, Y. & 
Saddique, Q. 2020. Exploring optimal irrigation and nitrogen fertilization in a winter wheat-
summer maize rotation system for improving crop yield and reducing water and nitrogen 
leaching. Agricultural Water Management 228(C). 10.1016/j.agwat.2019.105904 
Yang, X.L., Lu, Y.L., Ding, Y., Yin, X.F., Raza, S. & Tong, Y.A. 2017. Optimising nitrogen 
fertilisation: a key to improving nitrogen-use efficiency and minimising nitrate leaching 
losses in an intensive wheat/maize rotation (2008–2014) Field Crops Research 206, 1–10. 
doi:10.1016/j.fcr.2017.02.016 
Yin, Q., Tian, T., Kou, M., Liu, P., Wang, L, Hao, Z. & Yoe, M. 2020. The relationships between 
photosynthesis and stomatal traits on the Loess Plateau. Global Ecology and Conservation 
23, e01146. doi:10.1016/j.gecco.2020.e01146 
Yu, M.H., Ding, G.D., Gao, G.L., Zhao, Y.Y., Yan, L. & Sai, K. 2015. Using plant temperature 
to evaluate the response of stomatal conductance to soil moisture deficit. Forests 6(10), 
3748–3762. doi:10.3390/f6103748 
Zhang, J., Guan, K., Peng, B., Rudnick, D., Heeren, D.M., Suyker, A., Yang, Y. & Wu, G. 2021. 
Sustainable irrigation based on co-regulation of soil water supply and atmospheric 
evaporative demand. Nature Communications 12, 5549. doi:10.1038/s41467-021-25254-7 
Zhang, X., Huang, G. & Zhao, Q. 2014. Differences in maize physiological characteristics, 
nitrogen accumulation, and yield under different cropping patterns and nitrogen levels. 
Chilean Journal of Agricultural Research 74, 326–332. doi:10.4067/S0718-
58392014000300011 
Zuo, Q.S., Zhou, G.S., Yang, S.F., Yang, Y., Wu, L.R., Leng, S.H., Yang, G. & Wu, J.S. 2015. 
Effects of nitrogen rate and genotype on seed protein and amino acid content in canola. 
Journal of Agricultural Science 154, 438–455. doi:10.1017/ S00218596 15000 210 
